Recent paleoanthropological discoveries reveal a diverse, potentially speciose human fossil record. Such extensive morphological diversity results from the action of divergent evolutionary forces on an evolving lineage. Here, we apply quantitative evolutionary theory to test whether random evolutionary processes alone can explain the morphological diversity seen among fossil australopith and early Homo crania from the Plio-Pleistocene. We show that although selection may have played an important role in diversifying hominin facial morphology in the late Pliocene, this is not the case during the early evolution of the genus Homo, where genetic drift was probably the primary force responsible for facial diversification.
A
lthough there is much disagreement about the taxonomic status and phylogenetic relationships among early fossil hominins, the profusion of recent paleoanthropological discoveries (1-7) has led to a growing consensus that the record of human evolution is considerably more diverse than previously recognized. Such extensive phenotypic diversity suggests a high magnitude and rate of morphological change within the hominin clade, which results from complex genetic and developmental underpinnings (8, 9) . Clearly, evolutionary processes have shaped this rich phenotypic diversity, although exactly which forces are involved is an unresolved question. Because substantial environmental changes associated with increasing aridity occurred in Africa toward the end of the Pliocene (10, 11) , most explanations for diversity during this time, and especially those associated with the emergence of Homo and the demise of the robust australopiths, are mired in adaptationist perspectives, explaining much, if not most, morphological variation as adaptation to changing climate and environment (12) , and hence primarily the result of diversifying selection. Here, we test hypotheses of evolutionary diversification in the human fossil record: specifically, whether the facial diversity seen among late Pliocene and early Pleistocene hominins could be explained by genetic drift alone, or whether nonrandom forces like selection played an important role (see ref. 13) .
We compared hominoid within-group facial variation with hominin between-group patterns of variation across seven fossil taxa, to test whether these between-group and within-group patterns are proportional. Our quantitative approach is grounded in principles of evolutionary theory developed by Lande (14) . Evolutionary forces depend on intraspecific variation as fuel for population diversification, and therefore morphological change through time is rooted in an understanding of population level variation and covariation (14) . If populations have diversified through random evolutionary processes such as genetic drift, evolutionary theory predicts a proportional relationship between within-group and between-group phenotypic variation (14-16); a nonproportional relationship indicates the action of nonrandom processes such as differential selection. Although this methodological approach has been used successfully to look at drift versus selection in living New World monkeys (13, 17, 18) , it has never been applied directly to the fossil record of human evolution. Such questions have, however, been addressed in other fossil primates (19) and modern humans (20, 21 ). An important way in which this approach differs from other methods is that it focuses on the relative amounts of variance (V) across traits (i.e., the pattern of variation) rather than the total V, allowing us to evaluate populations with substantial time depth; in drifting populations sampled at different points in time the magnitude of variation would be expected to differ among the populations but the pattern would remain consistent.
Materials and Methods
This analysis takes place at various levels in the hominin hierarchy to pinpoint where in the lineage random versus nonrandom processes were acting (see Fig. 1 ). Each analyzed hierarchical level contains at least three populations. Because of the inherently small sample sizes, individual fossil specimens are taken to represent population means; whether these populations represent different species or are time-successive taxa should not affect the analysis, as this approach has been shown to work at different levels in a phylogeny (13, 17, 18) . As the fossil record does not allow for a direct estimate of fossil intraspecific variation, extant variation in humans and our two closest living relatives (chimps and gorillas) is substituted for withinpopulation variation of fossil species (see below). It is important to emphasize that it is the pattern of variation (not the magnitude) that is used in this analysis, mitigating problems caused by differences in population structure, relic status, etc. midline facial landmarks that were reliably locatable on all seven fossil specimens (Table 1 ). All landmarks are based on sutural morphology, representing homologous structures across species. The choice of variables was dictated by the shared preservation of the fossil specimens, which restricted analysis to the face, and limited the number of landmarks. The number and distribution of landmarks are sufficient for identifying significant differences among the adult extant individuals. All analyses are done with raw data to evaluate both size and shape change.
Estimating Population Variation. Using patterns of variation in living populations to interpret past ones is a common approach to assessing fossil diversity. However, the assumption of constancy in covariation patterning is problematic. Although a number of studies have shown that there are many common aspects to morphological variation and integration in the primate cranium, and especially in the face (13, (22) (23) (24) (25) (26) (27) , it is also true that there are differences. To conservatively account for the possible effects of small differences in covariance (CV) structure (22, 28), we use three extant models rather than just one, as we realize that patterns of variation are not homogenous (although they are similar; see ref. 22) across these extant groups and assume that they would not be homogenous across the fossil populations either. Here, we do assume that the range of fossil variation patterns is encompassed within the range of the modern hominoids.
Human, chimp, and gorilla intraspecific patterns of variation serve as models for hominin within-population variability. Phenotypic within-population V͞CV matrices for the facial variables from all three living primate populations were obtained by using the residual CV matrix from a multiple ANOVA with the eight traits as the dependent variables and subspecies as the independent variable, thus pooling the CV across subspecies, and were then simplified to their principal components (PCs). The PCs of the within-population V͞CV matrix are ordered by their level of V (eigenvalues) and are uncorrelated with one another so that on the scale of the PCs, the within-population V͞CV matrix is a simple diagonal matrix with no CVs among components. PC scores are calculated for each fossil population by multiplying trait means by the standardized within-population PC loadings. The between-population V for each PC can then be calculated as the V among these population mean PC scores; these values are given in Table 2 along with the within-population Vs (eigenvalues) for each extant model.
Testing Hypothesis of Genetic Drift. Lande's (15) quantitative model for understanding the relationship between morphological change and variation͞covariation under genetic drift is shown by the equation
where B t is the between-population V͞CV matrix (dispersion matrix), in generation t, G is the additive genetic V͞CV matrix of the founding population from which the group of species is derived, and N e is the effective population size of the individual taxa (14) (15) (16) . Because the phenotypic within-group V͞CV matrix (W) has been shown to be proportional to the additive genetic V͞CV matrix for morphological traits (29) (30) (31) (32) , it may be substituted for it, resulting in B ϰ W(t͞N e ). 
where B i is the between-population V and W i is the withinpopulation V for the ith eigenvector. If differentiation was produced by genetic drift, we expect a regression slope (␤) of 1.0 for the regression of between-on within-population V. A significant deviation from a slope of 1.0 indicates a pattern not likely to have been produced by genetic drift; nonsignificant or no deviation from 1.0 means we have failed to reject the null hypothesis of drift, leaving other nonrandom evolutionary processes such as selection as an alternative. Under a strictly neutral evolutionary model, increasing divergence time also will increase the dispersion among groups and consequently the regression constant (t͞N e ), but this does not alter the expectation of 1.0 for the regression slope. Regression slopes Ͼ1.0 indicate that one or more of the first PCs are more variable, relative to other PCs, than expected under a model of drift, whereas slopes Ͻ1.0 indicate that populations are relatively highly divergent among minor PCs. For example, a positive deviation of the PC1 V would indicate that for PC1 the variation between populations is more than expected, given the variation within populations. Such deviations can occur via diversifying selection of the relatively variable PCs (in this example PC1) or stabilizing selection on the relatively invariable PCs. The very presence of even a single substantial outlier is evidence that the distribution of variation among taxa is not consistent with drift as the diversifying source. By design, the fewer taxa compared, the harder it is to reject drift (i.e., to detect deviations from a slope of 1.0). Because of this factor, plus the small sample sizes and the uncertainty surrounding which extant model V͞CV would best represent variation in the fossil populations being compared, it is likely that any sign of significant selection under any single model will indicate selection.
Reconstructing Selection. If selection has acted to differentiate two populations, evolutionary theory provides an approach for reconstructing the selection necessary to produce the differences in observed population means by using the following relationship:
where ␤ is the differential selection gradient summed over the generations (33) , G Ϫ1 is the inverse of the pooled within-species genetic V͞CV matrix, and [z i Ϫ z j ] is the difference in means between species i and j, here, the fossil hominin individuals (14, 16) . Again, the phenotypic within-group V͞CV matrix is substituted for the genetic V͞CV matrix. Because we know that V͞CV structures are not strictly constant through time this is again done by using all three models of extant V. For this particular calculation, it is important to note that if there are differences between the fossil CV structure and that of the extant models these values may be inaccurate. Therefore, these vectors are considered accurate for each analysis only if all three models are in general agreement and should be interpreted only as a guide to the general pattern of selection and not its precise magnitude.
Results and Discussion
Results of all four analyses indicate that in many instances these early hominins are too variable in some features of the face (and The within-population variance (eigenvalues) for each of the three extant model populations is shown in the first column. The following columns give the between-population variances for each analysis, calculated under each extant model. Before performing regression analysis, these values were multiplied by 10 7 and then logged to the base 10.
not variable enough in others) for divergence to have occurred through random drift alone; however, some of the phenotypic diversity is consistent with random evolutionary processes. The regressions of logged between-group variation against logged within-group variation are shown in Table 3 ; of the four levels analyzed, one is consistent with drift, one is borderline, and two require selection.
In the first analysis, with all seven hominin specimens considered together, the results are somewhat ambiguous; while drift cannot be rejected outright as a cause of fossil variation the borderline significance indicates some effect of selection. This result suggests that both random and to a lesser extent nonrandom processes played an important role in the diversification of this morphologically diverse group; it does not necessarily mean that both played a role across all parts of the group. By inspecting the residuals, we can examine the reasons for this pattern, as negative or positive deviations of PCs from a slope of 1.0 indicate more or less between-group variation, respectively, than expected (see Materials and Methods). For all seven specimens together, the slope is Ͻ1.0, indicating that the first few eigenvectors may have relatively too little between-fossil (species) variation compared with the smaller eigenvectors for divergence to be caused by drift alone.
Next, we look at subdivisions of these seven fossils. First, among the three Homo specimens, the variation is generally consistent with expectations caused by drift regardless of which extant V͞CV matrix is used. That the support of a drift model is particularly strong when a human V͞CV matrix is used further corroborates this hypothesis, as both fossils and the extant group come from the same genus. It is also strong when a chimpanzee model is used, and less so with the gorilla model. Next, looking at the four australopith individuals, we find that the first few eigenvectors have too little between-fossil variation, whereas the lesser components have too much, indicating differences that do not fit a drift model, and suggesting diversifying selection among the australopiths. Although this model is only strongly supported when V͞CV matrices of chimpanzees are used, its acceptance seems reasonable because australopiths are generally considered to follow an ape-like morphological pattern and because the other analyses are borderline significant. When the one gracile australopith is removed from the analysis, the variation pattern among the robust australopiths remains generally consistent with Selection is relative, strongly negative and strongly positive selection are shown in bold and underlined, respectively. For each comparison, the difference vector between the two groups is given, as is the selection vector required to produce that difference, based on chimpanzee (v c), human (vh), and gorilla (vg) V͞CV matrices. selection, as supported most strongly by the analyses using ape (and especially the chimpanzee) V͞CV matrices.
To further examine the nature of the selection that may have acted to diversify Homo from the australopiths, robust from gracile australopiths, and robust australopiths from each other, we reconstructed the selection necessary to produce the observed differences in fossil morphology (see Materials and Methods and Table 4 ). Mean vectors of all variables were calculated for the following five groups (where appropriate): Homo, gracile australopiths (i.e., Sts 5), robust australopiths, early robust australopiths (A. aethiopicus), and later robust australopiths. Assuming that early Homo and robust australopiths are more derived hominins than the gracile australopiths (this assumption is consistent with our understanding of the phylogenetic directionality among these groups), and that later robust australopiths are more derived than early ones, we estimate the selection required to produce: (i) Homo from a gracile australopith, (ii) a robust australopith from a gracile one, and (iii) a later robust australopith from an earlier one. For each of the three comparisons the vectors are similar regardless of which living V͞CV estimate is used. Yet there are some important differences between the selection vectors among the three comparisons. The selection required to produce Homo from a gracile australopith is relatively strong to moderately positive in the upper face and orbit, moderately positive to null in the midface͞nasal region, and relatively weakly negative along the lower orbits and zygomatics (see Fig. 2 and Table 4 ). The selection required to produce a later robust australopith from an earlier one is similar, albeit more strongly negative along the lower orbits and zygomatics. However, that required to produce a robust australopith from a gracile one differs considerably, being relatively strongly positive in the lateral orbital͞zygomatic region, and weakly negative to null in the rest of the face.
The vast majority of explanations for facial diversity in the hominin fossil record are adaptive (34) (35) (36) , despite wide acceptance that morphological change can be nonadaptive (37) and that other evolutionary processes or underlying developmental or functional differences can generate morphological diversity among populations providing a mechanism for evolutionary change. The results of these analyses suggest a more complex evolutionary scenario (Fig. 3) . Certainly the unique, derived facial morphology of robust australopiths may have been selected for early in the evolutionary history of the lineage, perhaps driving the differentiation between them and the other gracile australopiths such as A. africanus, and selection continued to shape the differentiation within this lineage after the divergence of the robust clade from other australopiths. However, although the initial divergence of Homo from the australopiths may have involved selection, divergence after this time (at least in the facial characters analyzed) could have occurred through random processes alone. In other words, much of the facial diversity seen in the Homo lineage from Ϸ2.5 million to 1 million years may result from random evolutionary processes, rather than adaptive evolution. Other studies have shown that craniofacial diversity in most populations of modern humans can be explained by random processes (20, 21). Lynch (20) suggests that the development of cultural inheritance could have released many of the morphological traits of humans from the pressures of stabilizing selection. This study supports this idea and supplies it with temporal context, potentially providing direct biological evidence of a shift early on in this lineage toward nonbiological adaptation (i.e., culture) as early hominins increasingly relied on technology. Because drift tends to play a larger role in shaping diversity when populations are finite, these results also may reflect a demographic revolution toward increasingly isolated and widespread populations. Although this hypothesis would be consistent with the fossil record, which indicates widespread geographic dispersal of the genus Homo during the late Pliocene or early Pleistocene (4, (38) (39) (40) , it remains to be tested with larger samples drawn from more disparate regions.
When selection has shaped diversity, it acts in a manner that is consistent with many current explanations of craniofacial diversity in the hominin lineage during this time period. For example, the relatively positive selection in the orbits and upper face necessary to produce Homo from a gracile australopith may be correlated with increasing endocranial volume, tied to increasing brain size and related shape changes. Similarly, the relatively positive selection in the lateral face and zygomatic region necessary to produce a robust australopith from a gracile one may be correlated to size and shape changes associated with the unique masticatory adaptation of robusts. It is also interesting that the selection necessary to produce Homo from a gracile australopith and later robust australopiths from earlier ones is similar. This congruence may offer one explanation for the morphological similarities between robust australopith and Homo faces (12) , that these similarities result from similar response to a similar evolutionary pressure and are therefore homoplastic. Only further analyses with more fossils can finally answer the question of whether drift alone explains the variation we see throughout the Homo lineage; this is a promising avenue for future research. 
